The eukaryotic centromere poses an interesting evolutionary paradox: it is a chromatin entity indispensable to precise chromosome segregation in all eukaryotes, yet the DNA at the heart of the centromere is remarkably variable. Its important role of spindle attachment to the kinetochore during meiosis and mitosis notwithstanding, recent studies implicate the centromere as an active player in chromosome evolution and the divergence of species. This is exemplified by centromeric involvement in translocations, fusions, inversions, and centric shifts. Often species are defined karyotypically simply by the position of the centromere on certain chromosomes. Little is known about how the centromere, either as a functioning unit of chromatin or as a specific block of repetitive DNA sequences, acts in the creation of these types of chromosome rearrangements in an evolutionary context. Macropodine marsupials (kangaroos and wallabies) offer unique insights into current theories expositing centromere emergence during karyotypic diversification and speciation.
The Chromosome: An Historical Perspective
The first description of the process of mitosis and the involvement of chromosomes, or ''chromatic nuclear figures,'' was conducted by the German zoologist, Anton Schneider in 1873 (Zacharias 2001) . During the last quarter of the 19th century, Fleming (1879) and Strasburger (1875) , whose work collectively founded the field of cytogenetics, described mitotic chromosomes in a remarkable variety of plants and animals. The term ''chromosome,'' however, was not introduced until 1888 by Waldeyer, a German professor of anatomy (Zacharias 2001) . Although Gregor Mendel's work had not yet been rediscovered (this occurred in 1900), Weismann proposed his chromosome theory of inheritance in 1887, the tenets of which have all proven to be true (Darlington 1966) . Working independently of one another, Sutton (1902) and Boveri (1902) formalized this theory by stating chromosomes were the vehicles on which genes traveled during mitosis. Dobzhansky and Sturtevant's (1938) seminal study classifying the chromosome rearrangements that distinguish two Drosophila species provided a detailed analysis of the molecular basis of species identity through chromosome rearrangement. Their pivotal observations launched decades of study of genome architecture and chromosome change from an evolutionary perspective.
The chromosomes of the bandicoot, described by Brenda in 1906 (Sharman 1961) , were the earliest reported karyotype for an Australian marsupial and were among the earliest reported for mammals. By the end of the last century, nearly 70% of all marsupial taxa had been karyotyped (Hayman 1990) . Having diverged from eutherian mammals 130-180 million years ago (Archibald 2003) , marsupials are ideally situated as comparative models for eutherians and have afforded a raft of insights into mammalian physiology, ecology, evolution, and genetics. The latter part of the 20th century witnessed an explosion of highly informative and exciting research in comparative and functional genomics in this group. Molecular genetics studies in marsupials greatly informed our understanding of mammalian sex determination, sex chromosome evolution, and dosage compensation. Sinclair et al. (1988) were able to narrow the search for the sex-determining gene in mammals by showing that a gene, Zfy, proposed to be the testis determining factor (tdf ), was autosomal in the tammar wallaby (Macropus eugenii), and therefore unlikely to be tdf. Extensive mapping of the Y chromosome in the tammar wallaby had shown that the origin of the Y predated the divergence of marsupials from eutherian mammals (Graves 1996) . Foster et al. (1992) later showed that the gene Sry, which was eventually proven to be tdf, was Y-linked in both marsupials and eutherians. Marsupial sex chromosomes are thought to more closely represent the ancestral state of sex chromosomes (Graves 1996) , lacking a pseudoautosomal region and containing a smaller percentage of DNA of the haploid chromosome complement than that in eutherians. Dosage compensation in marsupials, which is imprinted with only the paternal X inactivated, has also been proposed to be representative of the ancestral state (Ohlsson et al. 2001) . Marsupials continue to be informative in studies of the molecular mechanisms and evolution of genomic imprinting (O'Neill et al. 2000) .
Chromosome Evolution in Australasian Marsupials
Comparative cytogenetics in marsupials has also greatly enhanced our understanding of species and chromosome divergence. Marsupial karyotypes show a bimodal distribution, with the majority of species exhibiting either a 2n ¼ 14 or 2n ¼ 22 karyotype (Hayman 1990; Sharman 1974) . Some authors have argued that 2n ¼ 14 is the ancestral diploid number (Rofe and Hayman 1985) , while others have argued that 2n ¼ 22 is ancestral (Svartman and Vianna-Morgante 1998) . Comparative G-banding and chromosome painting indicate that the 2n ¼ 14 karyotype is homologous in several evolutionarily divergent lineages, while the many 2n ¼ 22 complements observed in marsupial taxa are not, suggesting that they are independently derived (Hayman 1977; Rofe and Hayman 1985) .
While species diversification in some families of marsupial mammals has been accompanied by little karyotypic evolution (the 49 species of dasyurids, for example, all carry a modified 2n ¼ 14 karyotype) (Rofe and Hayman 1985; Young et al. 1982) , the Macropodidae (kangaroos, wallabies, and rat-kangaroos) have experienced a recent and explosive radiation of chromosome evolution. It is estimated this group diverged approximately 24 million years ago (Kirsch et al. 1997 ) and includes 66 species and 14 genera with diploid numbers ranging from 2n ¼ 10/11 (X/ Y1Y2) in the Wallabia bicolor (swamp wallaby) to 2n ¼ 32 in the Aepyprymnus rufescens (rufous bettong) (Hayman 1990; Sharman 1961) . A 2n ¼ 22 complement, derived from the 2n ¼ 14 ancestral karyotype primarily through five fissions, a centric fusion, centric shifts, and inversions (Rens et al. 1999; Rofe 1979) , is considered ancestral to the macropodines (kangaroos and wallabies), and possibly to all Macropodidae (macropodines and rat-kangaroos) ( Figure  1 ) (Eldridge and Close 1993; Hayman et al. 1987; Johnston et al. 1983; Rofe 1978) . This ancestral complement, with several derivations, is retained in several lineages, including Thylogale (pademelons), Petrogale (rock wallabies), and Setonix brachyurus (quokka) (Eldridge and Close 1993; Glas et al. 1999; Hayman 1990; Rofe 1978; Sharman 1961) .
The karyotypic divergence in macropodines is characterized by three types of rearrangements, all involving the Figure 1 . Hypothetical derivation of the ancestral 2n ¼ 14 karyotype in marsupials (Rens et al. 1999; Rofe 1979) . The different colored blocks represent the conserved chromosomal segments traced through chromosome evolution within marsupials as determined by cross-species reciprocal chromosome painting (Rens et al. 2003) . Two representative genera for the macropodines, Macropus and Petrogale, illustrating the evolution of these karyotypes through a 2n ¼ 22 ancestor are shown.
centromere: centric fusions (Robertsonian translocations), centric shifts (centromere repositioning within a chromosome in the absence of syntenic gene order rearrangement), and pericentric inversions. These rearrangements are particularly prevalent within two recently derived (5-8 million years ago) genera, Macropus (14 species including W. bicolor) and Petrogale (21 species, subspecies, and races), together representing more than 50% of macropodine taxa. Four suites of centric fusion chromosomes have been identified within Macropus (Rofe 1978) . For example, Macropus giganteus (grey kangaroo) and Macropus eugenii (tammar wallaby) share a 2n ¼ 16 diploid number, yet the fusions responsible for three metacentric chromosomes are different. Macropus species and W. bicolor share a number of fusion chromosomes, however, W. bicolor represents the extreme, with seven fusions resulting in a highly derived karyotype with a multiple sex chromosome system (Rofe 1978) . When mapped along a phylogeny based on DNA-DNA hybridization (Kirsch et al. 1995) , it is clear that the chromosome evolution in this group is complex, with multiple rearrangements in each lineage (Figure 2 ).
With the exception of two subspecies, all 21 taxa within the genus Petrogale exhibit distinct chromosomal complements (Sharman et al. 1990 ). Inversions, centric fusions, and centric shifts are characteristic of the majority of Petrogale taxa (see Eldridge and Close [1993] for a review). It was found through extensive G-banding studies that inversions were not responsible for the apparent mobility of the centromeres of this genus, but that the centromere location had shifted relative to the ancestral state (Eldridge and Close 1993).
Virtually every species within macropodines carries an X chromosome with the centromere or the X-linked nucleolar organizer region (NOR) in a different location. It has been hypothesized that centric shifts and inversions have been involved in the formation of this diversity of X chromosome morphology (Hayman 1990; Rofe 1979) . The prevalence of chromosome changes delineated by a change in genomic architecture involving the centromere within these marsupial lineages suggests this functioning region of the chromosome is a key component in chromosomal divergence.
Centromeres and Chromosome Evolution
It has been known for quite some time that satellite DNA families can be species and/or group specific (e.g., the alpha Figure 2 . Chromosome rearrangements present within Macropus showing the location of the species on a phylogeny based on DNA-DNA hybridization (Kirsch et al. 1995) . The blocks represent conserved chromosome segments as previously described (Rens et al. 2003) . The numbers along each branch indicate the different suites of fusions (e.g., 1^10 represents a fusion of chromosomes 1 and 10 from the macropodine ancestral 2n ¼ 22). Several of the X and Y chromosomes are shown to the far right of each karyotype, illustrating the divergence in structure of the X chromosome.
satellites of primates) (Singer 1982) . However, their seemingly ubiquitous presence at or near centromeric domains across a wide variety of organisms implies they play a role in centromere function (see Eichler [1999] , Eichler and Sankoff [2003] , Henikoff et al. [2001] , and Willard [1990] for reviews). The vast majority of centromereassociated sequences that have been identified to date have included arrays of repeated DNAs (Choo 2000; Sullivan 2001 ). The notable exception to this includes Saccharomyces cerevisiae, in which the centromere is defined as a ''point'' centromere that consists of only about 125 bp of DNA (Clarke 1990 ). This simple structure appears to be a characteristic unique to this species, as other fungal species carry arrays of repeats within their centromeres typical of most eukaryotes (see Cambareri et al. [1998] for an example).
The paradox that centromere function is highly conserved while its sequence structure is highly divergent between taxa has led several authors to speculate on the mechanics of repeated satellite DNA in primary centromere determination (Eichler 1999; Eichler and Sankoff 2003; Henikoff et al. 2001; Willard 1990 ). The lack of conservation of short sequences across most eukaryotes examined argues against a defined sequence-specific function in determining centromere activity. An alternate proposal suggests that centromere functionality might be epigenetically determined by a higher-order structure dictated by underlying repeats (reviewed in Karpen and Allshire [1997] ). Csink and Henikoff (1998) propose that sequence content is irrelevant, but that an ability to evade detrimental sequence insertion (such as mobile element transposition) is necessary. The authors suggest this may be accomplished through an expansion of satellite blocks, providing a spacer or buffer of satellite sequences.
Studies in simian cell lines transfected with human alpha satellite sequences showed that these repetitive regions could form de novo centromeres on existing chromosomes (Haaf et al. 1992) . However, later studies characterizing neocentromeric DNA in dicentric chromosomes showed that classical human alpha satellites are not the essential element dictating centromere location in humans (Barry et al. 1999; du Sart et al. 1997) . Concordantly, Williams et al. (1998) showed that neocentromeres in Drosophila do not contain classical repeated DNA sequences. Thus, while satellite DNA is linked to centromere function, it is not required (Csink and Henikoff 1998; Willard 1990 ).
Centromere Mobility and Neocentromerization
Recently Ventura et al. (2001) showed that the centromere location on the X chromosome in lemurs experienced mobility during species divergence. Using a comparative mapping approach, these researchers were able to show that the linear order of genes on the X chromosomes of the black lemur and ring-tailed lemur has remained conserved during speciation. The centromere of this chromosome, however, has moved in the ring-tailed lemur, resulting in the change from a telocentric to a metacentric chromosome. This type of centric shift has also been characterized in bovids (Iannuzzi et al. 2000) , where the X chromosomes of the river buffalo and cattle shared a linear ordering of genes, yet one was acrocentric and the other metacentric, respectively. This shift was also accompanied by a loss of heterochromatin in the metacentric chromosome.
Centromere mobility in karyotypic evolution may be the result of several different factors. A centric shift would seem to require three breaks in the chromosome to move the centromeric block of DNA to another position without disrupting the isosequential order of DNA. This has been regarded as unlikely given the divergence of centromeric sequences between the two X chromosomes in the lemur case (Ventura et al. 2001) . It is clear from this study that the ring-tailed lemur X centromere is derived from sequences novel to the X chromosome in this species through a process of de novo centromere emergence (Ventura et al. 2001; Wong and Choo 2001) .
Two other theories (Ventura et al. 2001; Wong and Choo 2001) may explain the appearance of new centromeres in a karyotype. The weak cross hybridization of X-linked centromeric sequences isolated from the derived metacentric chromosome in the ring-tailed lemur to centromeres of other chromosomes raises the possibility that this new centromere may have resulted from a transposition or duplication of sequences from another chromosome. It is also possible that centromere emergence has occurred through the co-opting of local sequences to act as the functional centromere or through the reactivation of an ancestral centromere location . This neocentromerization may be facilitated by modification of local DNA through epigenetic means, such as the deposition of centromere DNA-binding proteins (Choo 2000) , changes in the chemical structure of local DNA and bound histones (i.e., methylation, acetylation), or through heterochromatization .
Blocks of satellite DNA throughout the chromosome may provide substrates for novel modifications and neocentromerization. There is increasing evidence from humans that chromosomes may carry hotspots for neocentromere formation, as in the derivation of centromeres in HSA 13q32 (Warburton et al. 2000) . These neocentromeres indicate that centromere competence is a native component of DNA at locations other than the active centromere (Wong and Choo 2001) . Centromeres may shift to expanding satellite blocks elsewhere on the chromosome if those blocks become the last region to replicate (Csink and Henikoff 1998) .
The link to heterochromatin as a substrate, and possible stabilizer, in centromere formation and function (Henikoff et al. 2000) is intriguing in light of the studies in cattle and in macropodines. The centromere shift in cattle has been accompanied by an apparent loss of heterochromatin. Likewise, the centric shifts in Petrogale are associated with species whose chromosomes carry very small amounts of heterochromatin (Metcalfe et al. 1997; Sharman et al. 1990 ). Conversely, species within the Macropus group, in which no centric shifts have been identified, carry extensive centromeric heterochromatin (Rofe 1979) . Perhaps the lack of heterochromatin in species of Petrogale provides multiple sites of potential neocentromerization while extensive heterochromatin in centrically stable species ''locks'' the centromere position in place. A causative or associative effect between heterochromatin and centric shifts cannot be determined until the nature of the shift, by derivation of a new centromere or transposition of other centromeric DNAs, has been fully characterized in these groups.
Centric Fusions
Sequences at the centromere may also play a role in the evolution of new karyotypes through fusions, as has been observed in the cytotypic races of Mus musculus domesticus. More than 40 parapatric races of this species have been identified that display approximately 100 different Robertsonian (Rb) translocations (Nachman et al. 1994) . Garagna et al. (2001) have posited that this explosion in karyotypic diversity has been engendered by the activity of minor satellite DNA at the centromere. Analyses of fusion points within Rb chromosomes show that the breakpoints lie within these satellites. It has been proposed that the activity of the centromeric DNA binding protein CENP-B facilitates these types of rearrangements (Garagna et al. 2001; Kipling and Warburton 1997) . This protein shares sequence similarity with the pogo family of transposable elements (Tudor et al. 1992 ) and may promote recombination through its putative ability to nick DNA adjacent to CENP-B boxes within these minor satellite repeats.
In some groups, however, fusion events also result in the retention of subtelomeric and/or telomeric sequences at the site of fusion (Lee et al. 1993) . In Petrogale, telomeric sequence is consistently retained near fusion points in centric fusions (Metcalfe et al. 1997) . Telomeric and subtelomeric regions of the genome are predisposed to instability. This is evident in the array of segmental duplications and the subsequent fusion responsible for the evolution of human chromosome 2 (Eichler 1999; Fan et al. 2002; Mefford and Trask 2002) .
Centromeres and Karyotypic Evolution
Henikoff and coworkers (Henikoff et al. 2001; Henikoff and Malik 2002; have proposed that the centromere is a selfish entity, citing as evidence the extremely rapid evolution of centromeric satellites that is tracked by positive directional selection of the centromeric histone H3 variant, cenH3 Talbert et al. 2002) in several organisms. The rapid evolution is envisioned as an arms race between selfish DNA elements capable of distorting chromosome segregation (in female meiosis) in their favor, while cenH3 is selected to maintain equal segregation. The characterization of centromeric DNA as comprised of active, selfish genetic elements contradicts other hypotheses that envision the recruitment of centromeres from otherwise inert satellite sequences dispersed throughout genomes (Ventura et al. 2001; Wichmann et al. 1991; Wong and Choo 2001) .
It is unclear whether the centromere plays an active role, for example, through its action as a meiotic driver Pardo-Manuel de Villena and Sapienza 2001a-c) , or a passive role, providing sites for recombination (Kipling and Warburton 1997) and segmental duplications (Eichler 1999) in chromosome evolution. Data from interspecific marsupial hybrids, however, indicates that the centromere does contribute to chromosome diversity and can undergo dramatic shifts in architecture in a short evolutionary time period (i.e., one generation). In a hybrid between two macropodine species, it was found that a retroviral sequence located at the centromere had undergone demethylation and amplification, resulting in chromosome remodeling in this animal (O'Neill et al. 1998) . Subsequent analyses of several other macropodine hybrids utilizing cross-species chromosome painting showed that the rearrangements observed in these genomes were restricted to centromeres (O'Neill et al. 2001) . These rearrangements may be the result of interchromosomal segmental duplications of centromeric sequences, nonallelic recombination between sequences at those locales, or transposition of mobile DNA or other repeated DNAs. Such a dramatic increase in de novo chromosome rearrangements in these hybrids suggests that a reorganization of the karyotype can occur rapidly (O'Neill et al. 2001) .
The underlying cause of the increased instability in these hybrids is unclear. However, there is an intriguing link between parentally derived chromosome heterozygosity and the incidence of hybridization-induced chromosome rearrangements observed in macropodine hybrids. The more divergent the karyotypic morphology of the parental species in any given interspecies cross in this group, the higher the incidence of de novo rearrangements within the resulting hybrid offspring (Figure 3 ). This positive correlation may be Figure 3 . Relationship between the chromosome heterozygosity inherited in each hybrid and the number of de novo chromosome rearrangements present in each animal. Where points coincide, the number of hybrids represented is given above the data point. 1920M (Petrogale lateralis ''MacDonnell ranges race'' 3 P. lateralis pearsoni ); LP (P. inornata 3 P. assimilis); AE-1 (Macropus eugenii 3 M. agilis); (M. rufogriseus 3 Wallabia bicolor); three individuals (P. xanthopus 3 P. persephone).
due to an increase in genomic instability produced by hybridization (Fontdevila 1992) .
Pardo-Manuel de Villena and Sapienza (2001a) have hypothesized that female meiosis, due to its asymmetric nature (Pardo-Manuel de Villena and Sapienza 2001b), drives karyotypic evolution in mammals toward a karyotype that is either all metacentric or all acrocentric, with selection against a heteromorphic karyotype. In humans, it has been found that Robertsonian fusions are transmitted at a higher frequency to the oocyte than their acrocentric partners (Pardo-Manuel de Villena and Sapienza 2001c), while in mice the reverse is true (Pardo-Manuel de Villena and Sapienza 2001a). This drive may be the product of ''centromere drive'' , in which the centromeric sequences are diverging rapidly in concert with the divergence of the centromere histone H3 variant. In such a scenario, mixed karyotypes may suffer from an uneven ''attraction'' between chromosomes for the kinetochore machinery. Reorganization of centromeric sequences in macropodine hybrids may be the result of such a drive. While centromere repositioning was not observed in these hybrids, the apparent translocation of centromeric sequences indicates that interchromosomal centromere transposition does occur. Likewise, the cross-hybridization signals observed in these centromeres may be the result of duplication and homogenization events (Eichler 1999) , a process that, to date, has only been identified in mouse and human (Thomas et al. 2003) . The dramatic changes observed in marsupial hybrids involving epigenetic modification and centromere restructuring may reflect events important during the divergence of new karyotypes.
